Forest community assembly is usually framed in terms of sporophyte dynamics; however, the recruitment and maintenance of fern populations, frequently influential in forest composition and structure, are initially determined by gametophytes. Sporophytes of three Cyathea tree fern species show habitat partitioning along gradients of phosphorus and light; we asked whether gametophyte niche differences parallel this pattern. To compare niche characteristics among taxa we compared growth rates to a size threshold (!3 mm) of gametophytes under controlled conditions using a multi-factorial ). Gametophytes of the pioneer species C. medullaris developed to the size threshold across a broad range of phosphate and irradiance treatments (more than 20% of gametophytes in ! 7 of the 12 treatments), peaking at 20 mg kg 21 P and 60 mmol m 22 s 21 irradiance. The growth rates of the forest understorey species C. dealbata and C. smithii also peaked at 60 mmol m 22 s 21 but varied across treatments, suggesting niche differentiation along irradiance and orthophosphate gradients. Our analysis suggests that gametophyte development is strategically aligned to the ecological habits of sporophytes and that forest community assembly is likely strongly influenced by the independent gametophyte life-stage.
Introduction
Studies of forest community dynamics are principally focused on spermatophytes in which the gametophyte is much reduced and is nutritionally dependent on the sporophyte. However, most ferns complete a two-phase life cycle where an independent gametophyte determines the location of the subsequent sporophyte generation [1, 2] . The difficulty of locating and non-destructively identifying gametophytes to species-level in the field makes determining recruitment and community structure challenging where ferns or fern allies represent a significant component of the community, e.g. tree ferns in some forests [3] . Furthermore, gametophyte development is plastic across varying environments, and gametangia production can be male biased in laboratory settings [4, 5] . We assume that growth rate (to a specified size threshold) will reflect likelihood of individual gametophyte success on any micro-site. Therefore, observation of growth rate in laboratory-raised gametophytes under a range of controlled environmental conditions can be useful to characterize gametophyte ecological niche.
We compared the growth rates to a size threshold (defined as !3 mm across prothallus, with developed notch) of gametophytes of three Cyathea species: C. dealbata, C. smithii and C. medullaris. These three species represent two key functional groups of tree ferns in New Zealand: forest understorey (C. dealbata, C. smithii) and a pioneer in secondary forest successions (C. medullaris) [3, 6] .
Although C. dealbata and C. smithii commonly co-occur in the understory in New Zealand forests and have similar life-histories (slow-growing, shade-tolerant, continuous regeneration [7] ), they often form spatially distinct monospecific clusters in forests [3, 7] . This localized spatial decoupling may reflect niche differences at the gametophyte life-stage in response to variations in environmental conditions at available micro-sites [7] . Sporophytes of C. smithii are observed on soils with lower orthophosphate concentrations (9. ) [6, 8, 9] . Sporophyte distribution and anecdotal evidence suggest that C. dealbata has a greater tolerance of higher irradiance levels than C. smithii, although this has not been quantified [3] .
Gametophyte development initially depends on micro-site availability for spore germination [10] . Spore germination is probably influenced by irradiance gradients, with gametophyte growth and survival then driven by available phosphorus and irradiance, coupled with surface moisture [11] [12] [13] . Gametophyte morphology and reproduction are partially influenced by gametophyte density and, in some taxa, antheridiogen production and inter-gametophyte chemical interactions [10, [14] [15] [16] [17] . A study of Cyathea podophylla (distribution Taiwan-Cambodia) shows an absence of antheridiogens in this species; however, whether this absence is conserved across Cyathea is unknown [4] . Field studies suggest that the gametophyte fundamental niche is broader than the sporophyte and may determine options for the sporophyte niche [1, 14] . It remains unclear whether the ecological preferences of the sporophyte parallel those of the gametophyte.
We germinated spores and grew gametophytes of three Cyathea species in a multi-factorial experiment varying plant-available phosphorus (orthophosphate; four levels) and irradiance (three levels) under controlled conditions (temperature/humidity). In the absence of interspecific competition and based on sporophyte ecology, we hypothesized that: (i) gametophyte development in C. medullaris will have wider environmental tolerances and germination and growth will be faster than the gametophytes of the two understorey species C. dealbata and C. smithii; and (ii) the gametophyte niches of the understorey species will partition along gradients of orthophosphate and irradiance (C. smithii in lower irradiance/orthophosphate relative to C. dealbata).
Material and methods
We collected fronds with mature sporangia from four individuals each of C. dealbata, C. smithii and C. medullaris from the University of Auckland campus grounds and forest reserves at Huapai and Oratia in West Auckland; multiple sources were chosen to average-out environmental effects. Fertile pinnules were stored at room temperature for one week in paper envelopes to promote sporangium dehiscence, and then material from different sampling locations combined into a single spore sample per species. Spores were sterilized through immersion in domestic bleach (NaClO , 5% [18] ) for two minutes, rinsed three times, and then suspended in distilled water.
A growth chamber was lit for 14 h per 24 h cycle, with a maximum temperature of 218C (14 h) and a minimum of 148C (10 h ). All three Cyathea species were present, in differing densities, in these forest types [3] .
Agar nutrient solutions follow Chuter et al. [19] , with concentrations (5, 10, 20, 40 mg kg
21
) of orthophosphate (KH 2 PO 4 ) representing the range of naturally occurring values in New Zealand forest soils [20] . We inoculated 60 plates per orthophosphate concentration per Cyathea species (240 plates total per species) with 0.1 ml of spore solution (varying concentrations but more than 1000 spores; standardizing spore numbers on each plate was impossible) and transferred these to the growth chamber, 20 replicate plates per orthophosphate concentration per species per irradiance treatment (720 plates in total).
Spore germination and gametophyte sizes were measured in a randomly selected subset of 10 of the 20 plates after 168 days: twice the mean period (81 + 32 (s.d.) days) for Cyathea gametophytes to establish in vitro [18] . Areas of high spore/gametophyte density (more than 10 spores cm
22
) were marked and avoided. For each observation per plate, we worked in boustrophedon progression selecting the first one hundred spores or gametophytes and recording the number of ungerminated spores, and prothalli ! 3 mm in length with notch evident (figure 1). Gametophyte lengths, from base to outer edge of lobe, were measured using an eyepiece graticule under Â40 magnification on an Olympus CX21 microscope.
Percentages of spores germinating and gametophytes reaching the size threshold (of those that germinated) in each species Â treatment combination were compared using generalized linear mixed royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20180659 models (GLMM; lme4 package v. 1.1-17 [21] ) with binomial errors to ascertain species response to treatments. The random effect portion of the GLMM accounted for variation across replicates. Predicted means were calculated from the GLMM regressions using the predictmeans package (v. 0.99 [22] ) to compare models fitted to different species and treatments. Germination percentages were compared between species. All analyses were conducted using R-3.2.3. [23] . The datasets and code for these analyses are publically available (see Data Accessibility statement) [24] .
Results
Spore germination percentages varied significantly between species, with understorey species C. dealbata and C. smithii the lower ( x ¼ 38. , and reduced growth rates at the lowest and highest orthophosphate concentrations and irradiance levels (figure 2).
Cyathea medullaris achieved more than 20% development to the size threshold in 7 of the 12 treatments, mostly at medium irradiance levels (59 + 44.3 mmol m 22 s
21
) and 20 mg kg 21 orthophosphate (figure 2). In contrast, the understorey species, C. smithii and C. dealbata, achieved these growth rates in only two and three treatments respectively (figure 2) at similar irradiance levels but on lower orthophosphate concentrations (10 mg kg 21 ) for C. dealbata; growth rates were consistently lower than C. medullaris in most treatments. At 5 and 10 mg kg 21 orthophosphate, C. smithii generally (four of six treatments) produced significantly more gametophytes over the size threshold than C. dealbata; above these concentrations gametophyte development was similar, or C. dealbata grew more rapidly (figure 2).
Discussion
Our study of tree fern gametophyte growth rates showed clear differences among Cyathea species across orthophosphate and irradiance treatments under controlled conditions. The pioneer, and disturbance associated C. medullaris had both the fastest growth rates and broadest nutrient and irradiance tolerance of ). Where predicted means identified the percentages as being significantly different (a , 0.005; to protect against family-wise error) across species and treatments, these interspecific differences are shown by d (as compared to C. dealbata), s (C. smithii) and m (C. medullaris).
royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20180659 the three species tested. The later successional taxa (C. dealbata, C. smithii), which are commonly found in mature forest, had slower gametophyte growth rates across a narrower range of nutrient and irradiance levels. The gametophytes of these two understorey taxa were distinguished from each other by the higher phosphate requirements of C. dealbata. Spore germination varied significantly among species; this is likely a differential response by species to the sterilization process and the relative maturity of the spores on the sampled fertile pinnae.
Sporophytes of C. medullaris establish stands in areas where the forest canopy has been removed by disturbance (e.g. landslides, forest harvest) [6] . As a pioneer species, the gametophyte stage of C. medullaris is likely to develop in micro-sites in recently disturbed, high irradiance environments. Rapid gametophyte growth is therefore advantageous in terms of survival to sporophyte stage and site dominance [25] . Cyathea medullaris gametophytes may potentially establish under broad environmental conditions in forests and this is reflected in the wide range of irradiance conditions in which gametophytes grew above the size threshold (hypothesis 1-see end of §1). Further experimental work is required to identify: (i) whether pioneer gametophytes of C. medullaris establish in understories and (ii) any environmental triggers for sporophyte production in gametophytes that facilitate the rapid capture of space after disturbance [6] .
Variation in the rate of gametophyte growth of C. dealbata and C. smithii suggests niche differentiation along irradiance and orthophosphate gradients (hypothesis 2-see end of §1). Differential growth across treatments highlights the conditions under which these species might be most interspecifically competitive in the gametophyte life stage, supporting our hypothesis that localized spatial aggregation of sympatric understorey tree fern species is driven by the gametophyte niche [7] . The faster rate of gametophyte growth of C. smithii, compared to C. dealbata, under lower levels of orthophosphate, suggests that the realized niche of these gametophytes is similar to the sporophyte in forests. Further work to establish any potential interspecific interactions between Cyathea gametophytes (multi-species studies) and evidence of antheridiogen systems is recommended.
Data accessibility. https://figshare.com/s/61a826b5f19ce708398a
